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Induction of nodular sclerosis by insulin in rat mesangial cells in vitro:
Studies of collagen. These studies evaluated the contribution of insulin to
the development of the abnormal mesangial matrix that characterizes
diabetic nephropathy and is common to mesangial cells in culture.
Glomeruli were isolated from a single rat and divided into two aliquots. In
one set (SIMC), the insulin contained in the medium was only that
contributed by the fetal calf serum (20%). For the other set, the tissue
culture medium was supplemented with 1 M insulin (SPMC). Mesangial
cell outgrowths from each condition were isolated, cloned, and propa-
gated. At passage 4, mesangial cells were characterized by morphology
and cell markers, and compared in terms of composition and appearance
of the secreted extracellular matrix. SIMC grew in nests of cells
surrounded by a thin layer of matrix that was rich in collagen IV. In
contrast, mesangial cells supplemented with insulin aggregated into
macroscopic "hillocks" rich in collagens I and III as described previously.
Insulin (1 tM) or IGF-I (0.1 j.M) was subsequently added to the medium
of SIMC. Insulin, but not IGF-I, induced a change in culture morphology
and collagen accumulation characteristic of SIMC. In contrast to
SIMC, SIMC express insulin receptors and at physiologic concentra-
tions insulin is a more potent stimulator of MC proliferation than is IGF-I.
Insulin-induced changes in the collagenous composition of the accumu-
lated ECM were directionally correlated with the rate of collagen I
synthesis measured by biosynthetic labeling experiments and collagens III
and IV as determined by ELISA. These data demonstrate that insulin
alters the phenotype of mesangial cells in culture and their expression of
interstitial and basement membrane collagens. These observations impli-
cate insulin as a factor in the pathogenesis of mesangial matrix accumu-
lation in diabetic nephropathy. Furthermore, a method for culturing
mesangial cells that accumulate an extracellular matrix that is similar in
composition to normal mesangial matrix provides a new model system for
future studies of mesangial cell biology.
Glomeruloscierosis is a hallmark of progressive forms of renal
disease and is ultimately responsible for the loss of renal function.
A number of factors including glucose, angiotensin II, intra-
glomerular pressure, and a variety of growth factors are charac-
teristics of the diabetic milieu that have been shown to contribute
to mesangial matrix accumulation. Although insulin treatment is
essential to reduce the acute morbidity and mortality due to
hyperglycemia in diabetes, both in vivo [1—3] and in vitro [4]
studies implicate exogenous insulin treatment as one factor in the
diabetic milieu that may contribute to the development of diabetic
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nephropathy. In this report we present data showing that insulin
has a direct effect on the composition of extracellular matrix
(ECM) synthesized by cultured mesangial cells (MC). These data
suggest that treatment with exogenous insulin may contribute to
chronic diabetic glomerulosclerosis and highlights the need for
improved methods of insulin administration.
To facilitate cellular proliferation in vitro, MC are routinely
cultured in the presence of 1 LM insulin [5]. Unlike the normal
mesangium which lacks interstitial collagens [6], MC grown with
supplemental insulin secrete an ECM rich in interstitial collagens,
and collagen IV represents less than 10% of the secreted collagen
[7, 8]. These changes have been postulated to result from the
unphysiologic environment of the tissue culture flask. However,
given the observation that insulin treatment of normal rats is
associated with the new expression of collagen III within the
mesangial matrix [1], we postulated that pharmacologic concen-
trations of insulin in the culture medium might contribute to this
change. To test the hypothesis that exposure of cultured MC to
high concentrations of insulin contributes to the secretion of an
abnormal ECM, we developed two MC cultures from the same rat
that were continuously cultured with or without supplemental
insulin in the medium. Their phenotypes were compared by light
and electron microscopy, and the pattern and composition of
ECM proteins were assessed by immunofluorescence microscopy.
The results of this study demonstrate that supplemental insulin in
the culture medium induces a change in the amount and type of
collagenous proteins which accumulate in the ECM. Significant
alterations in cellular phenotype accompany these changes in the
ECM composition.
Methods
Cell culture
To facilitate proliferation of MC in vitro, insulin (1 M) is
routinely added [5, 9, 10]. When supplemental insulin is not
present, outgrowths of MC can be observed, but they grow slowly
and are difficult to passage. Thus, modifications in the routine
methods of culturing MC were developed to obtain long-term
cultures of MC that lacked supplemental insulin. Kidneys were
harvested from a male Sprague Dawley rat weighing 150 g.
Cortices were minced and glomeruli isolated by sieving as de-
scribed previously [11]. Decapsulated glomeruli, with less than 1%
tubular fragments were plated in RPMI 1640 tissue culture
medium (Whitacker Bioproducts, Walkersville, Maryland, USA)
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supplemented with 20% FCS, transferrin, selenous acid, glu-
tamine, penicillin and streptomycin (basal medium) [5, 9].
Medium was harvested and replaced with fresh medium every
other day for two weeks. The harvested medium (glomerular-
conditioned medium) was clarified by centrifugation and frozen at
—20°C. A week later, a second rat was killed and glomeruli
prepared as described above. Glomeruli were equally divided,
suspended in the previously prepared glomerular-conditioned
medium and plated. One set, designated SIMC, had no other
additives (insulin concentration in final medium containing 20%
FCS is 0.01 nM), whereas the second set, designated SIMC, had
extra insulin (1 .LM, regular porcine insulin, Eli Lily, Indianpolis,
Indiana, USA) added. MC outgrowth was apparent at five days.
Medium was changed to 50% conditioned medium, and 50%
standard medium for one additional week after which conditioned
medium was omitted. Each culture was subcultured, grown to
confluence, passaged at a 1:5 split ratio, grown and then cloned by
limiting dilution. Cultures were routinely fed twice per week.
Cloned cell types had morphology and staining characteristics
identical to their parent cultures. At passages 4 to 5 both SIMC
and SPMC were analyzed as described below. The rationale for
this approach was an outgrowth of attempts to culture glomerular
epithelial cells. It was noted that cellular outgrowths occurred
earlier and were more abundant when glomeruli were plated at
high density. Yet, this advantage became a disadvantage when
adjacent colonies merged making it difficult to isolate pure
colonies of a desired cell type. Cellular outgrowths were easier to
isolate when glomeruli were plated at low density, but the number
of outgrowths were considerably fewer. We reasoned that plating
glomeruli at a high density "conditioned" the medium; thus we
tried the two-step culture system. We have found that this works
well for all glomerular cell types.
Mesangial cell characterization
To confirm that the cells isolated by this new procedure were
MC, they were compared to SPMC prepared from the same rat,
rat glomerular epithelial cells [12] and rat glomerular endothelial
cells [13] cultured in our laboratory and characterized as de-
scribed, rat proximal renal tubular cells [14] (provided by Dr.
Richard Zager, Fred Hutchinson Cancer Research Center, Seat-
tle, Washington, USA), and previously prepared standard MC
(passage 8) [15]. Sensitivity to aminonucleoside of puromycin
(Sigma Chemical Co., St. Louis, Missouri, USA) (100 j.tg/ml) was
tested by its addition to culture medium and cells were examined
24 hours later [16]. For cell marker studies, cells were plated in 8
chamber slide flasks (LabTek, Nunc, Nuperville, Illinois, USA)
and grown for five days. Slides were rinsed with PBS, fixed with
—20°C acetone and methanol and stained with antibodies to Thy
1.1 (MA S0276 OX7, Sera-Lab Accurate Chemical & Scientific
Corp., Westbury, New York, USA), human Factor VIII related
antigen (Binding Site, Ltd., London, UK), cytokeratin (a gift from
Dr. Alan Gown, University of Washington, Seattle, Washington,
USA), smooth muscle cell actin (A-2547, Sigma Chemical Co.),
Fx1A, proximal tubular brush border antigens [17], and a mesang-
ial cell specific antibody raised in our laboratory.
To determine insulin receptor expression, cryostat sections of
SIMC and SIMC were stained with rabbit anti-human insulin
receptor cr-subunit (Upstate Biotechnology Incorporated, Lake
Table 1. Cellular characteristics
Marker
Cell type
R-MC SIMC SIMC GEC GEnC RTE
Fx1A — — — — — +
Thyl.1
SMCactin
+
+
+
+
+
+
—
—
—
—
—
—
Factor VIII — — — — + —
MC + + + - - -
Cytokeratin
PAN sensitivity
—
—
—
—
—
—
+
+
—
—
+
ND
Abbreviations are: Fx1A, proximal tubular brush border proteins; SMC,
smooth muscle cell; GEC, glomerular visceral epithelial cell; GEnC,
glomerular endothelial cell; MC, mesangial cell; R-MC, standard MC
culture from prior glomerular explants; RTE, proximal renal tubular
epithial cell; PAN, aminonucleoside of puromycin; ND, not done.
Placid, New York, USA). SIMC were plated in slide flasks as
described above and grown for two days in medium without
supplemental insulin or that to which insulin (1 .tM) had been
added. Cells were fixed as described below and stained for
immunofluorescence microscopy with anti-insulin receptor anti-
body or pre-immune rabbit serum by routine methods.
Growth characteristics
The rate of cellular proliferation and cellular phenotype were
determined for each set of MC cultures. SIMC and SIMC
were plated at 4 X i0 cells per 75 cm2 flask. After four days, cells
were harvested with trypsin by routine methods [9, 15], and
counted using a Model ZF Coulter Counter (Coulter Electronics,
Miami, Florida, USA). To compare the sensitivity of each clone of
cells to insulin induced proliferation, both SIMC and SIMC
were grown with (1 LM) or without insulin and subsequently
counted. In separate plates, cells were grown for 21 days with
twice weekly feedings. Just prior to feeding, cells were examined
by inverted light microscopy and photographed to compare
morphology. To specifically determine the proliferative response
of SIMC to insulin and IGF-I (human recombinant, Upstate
Biotechnology Inc.), 1 X i05 SIMC were plated per well in a 24
well plate and rendered quiescent by replacing the standard
medium with medium containing 2% FCS. Forty-eight hours
later, insulin (0 to 1 .LM) or IGF-I (0 to 0.1 .LM) was added. After
an additional 48 hours, cells were harvested, trypsinized and
counted. Each condition was studied in triplicate. Cell viability
was determined by trypan blue exclusion.
Measurement of total collagen synthesis
Total collagen synthesis was measured by routine methods [18].
SIMC and SIMC were plated in triplicate for each condition in
60 mm dishes at 4 X io cells/dish. Twenty-four hours after
plating, medium containing 20% FCS was removed and replaced
with labelling medium containing 100 .tCi/ml 3H-proline with or
without insulin (1 .tM) appropriate to the cell type. Medium was
removed after 16 hours, clarified by centrifugation, and labeled
proteins precipitated with 10% trichloracetic acid. Total counts
incorporated into synthesized protein and those remaining after
collagenase digestion were determined. Results were expressed as
the percent of synthesized protein representing collagen. To
specifically evaluate collagen I synthesis, cells were plated and
SI-MC
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SIMC
Fig. 1. Light micrographs of SIMC (A and C) and SIMC (B and D). In areas of monolayers on the culture plate (A, B, bOX) both cell types
demonstrate typical strap-like morphology of MC. SIMC (A) have some nests of cells (arrows) growing on top of cells in the plane of focus, whereas
SIMC (B) show dense, circumscribed nodules (arrowheads). At lower magnification (25X), the differences in size and number of the nests and hillocks
are more apparent (C, D).
biosynthetically labeled with 3H-proline as described above. Cul-
ture supernatants were harvested, clarified by centrifugation,
pre-treated with Staph A-sepharose beads (20 eLLA beads to 500 p.1
medium), and centrifuged again. The supernate (500 p.1) was
incubated with 20 p.1 of rabbit anti-rat collagen I at RT for two
hours. Antibody-bound proteins were precipitated by centrifuga-
tion following incubation with goat anti-rabbit IgG (20 p.l) at RT
for three hours. Pellets were boiled into Laemmli buffer contain-
ing f3-mercaptoethanol and subjected to SDS-PAGE (7% gel)
[19]. Gels were dried and exposed onto X-O-Mat film for 20 days
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Fig. 2. Immunofluorescence micrographs of c,yostat sections of SIMC (A, C, E) and SI MC (B, D, F) stained with antibodies to collagen I (A, B), collagen
III (C, D) or collagen IV (E, F). A multilayerd nest of cells is shown on the top of B. Note that the ECM patterns is similar to that in the adjacent
monolayer (bottom of the photomicrograph) (original magnification 250x).
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Fig. 2. Continued.
SIMC
[20]. Collagen bands were quantified by scanning densitometry of
the developed film.
ELISA assays [21] were performed to quantify collagens III and
IV in the culture medium from SIMC and SIMC. One X i0
MC were plated in their respective medium containing 2% FCS.
After 48 hours, cells were counted and supernatants were har-
vested and assayed for accumulated collagens. Culture medium
(150 1.d) was plated into wells of 96-well Immulon II plates and
incubated overnight at 4°C. Plates were washed and blocked with
PBS-0.05% Tween-1 % BSA. Plates were washed three times
followed by incubation with anti-collagen III (1:5000) or anti-
collagen IV (1:1000) for one hour at 37°C and 30 minutes at 4°C.
Antibodies to collagens were the same as those used for indirect
immunofluorescence (see below). Biotinylated secondaiy antibod-
ies (Jackson Laboratories, West Grove, Pennsylvania, USA) were
added and incubated for the same time periods. After washing,
alkaline phosphatase-Avidin D (Vector Labs, Burlingame, Cali-
fornia, USA) was added, incubated at 37°C for one hour and
developed with PNPP. Samples were read at 405 nm after 20
minutes. Standard curves were generated from increasing concen-
trations of purified human placental collagen III (Southern Bio-
technology Assoc., Birmingham, Alabama) and human placental
collagen IV (Collaborative Research, Bedford, Massachusetts,
USA). Sensitivity ranges were established to detect collagens
present in MC culture supernatants. The assay for collagen III
detected from 10 to 250 ng/ml and for collagen IV from 0.25 to
25 ng/ml. Results are expressed as ngIlO7 MC.
Analysis of extracellular matrix morphology and composition
SIMC and SIMC were grown for 21 days. The plate surface
was covered with cells and cells were growing in multiple layers in
both cultures. Cells were scraped, sedimented at unit gravity, and
either snap frozen in pre-cooled isopentane for subsequent frozen
sectioning and immunofluorescence microscopy [22], or fixed in
2% glutaraldehyde for electron microscopy by routine methods
[23]. The composition of the ECM was determined by immuno-
fluorescence microscopy with the following antibodies: anti-rat
collagen I (AB755, Chemicon, Temecula, California, USA), anti-
rat collagen III (AB757, Chemicon), and anti-mouse collagen IV
(T40261, Biodesign, Kennebunkport, Maine, USA). Sections were
coded and examined without knowledge of sample identity using
a Leitz epifluorescence microscope.
Effect of short-term exposure to insulin and insulin-like growth
factor-I
SIMC (passage 5) were treated with insulin (1 (.tM) or IGF-I
(0.1 LM) for 21 days. Culture morphology was observed at each
feeding and cells were prepared for immunofluorescence and
electron described above.
Statistical analysis
All quantitative data were obtained from experiments with N =
3 or 4 as indicated in the Results. Mean values were compared by
one-way analysis of variance.
b -
&MG
30 Abrass et al: Insulin and mesangial cell collagen
SI-MG
SIMC
Fig. 3. Electron micrographs of SLMC (A, C, E) and SIMC (B, D, F). Nests in SIMC cultures are composed of cells of relatively uniform appearance
with small amounts of ECM between adjacent cells (A, 6000x). More detail of the thin layer of ECM adjacent to cells and the characteristics of the
cell surface of SIMC are shown in C (20,000x). Higher magnification (E, 100,000X) shows a loose network of basement membrane-like material that
lacks interstitial collagen fibrils. Sections of a hillock from SIMC show areas adjacent to the center of a nodule that contain live cells, some dead cells
(arrowhead) and large collections of ECM (B, 6000x). SIMC demonstrate abundant filopodial projections of the cell surface around nodular
collections of ECM (D, 20,000x). ECM in SIMC cultures contains numerous banded interstitial collagen fibrils (F, arrowheads, 40,000x).
Results
Cell markers
The results of staining characteristics of SIMC, SIMC and
the other cell types used as controls are shown in Table 1. Both
sets of MC from this study, as well as MC previously prepared
from another rat 15] show staining characteristics typical of MC
[9, 10, 15, 24, 25]. They each stain positively with the antibodies to
MC, Thy 1.1, and smooth muscle cell actin. MC stain negatively
with antibodies to Fx1A, cytokeratin, and Factor Vill-related
antigen. No differences in these staining characteristics were
observed between SIMC and those grown in the presence of
pharmacologic concentrations of insulin (SIMC); thus, both
cultures represent MC.
Culture morphology
Both SIMC and SIMC display a similar strap4ike morphol-
ogy four days after plating (Figs. 1A, B). As is typical for MC, both
sets of cultures grow to confluence, and then cells continue to
grow and pile on top of each other forming collections of cells and
ECM. Differences in morphology at this point in time are shown
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Fig. 4. Insulin receptor expression. Cryostat
sections of SIMC (A) or SIMC (B) were
stained with rabbit antibody to human insulin
receptor followed by fluorescein-conjugated
anti-rabbit IgG. Controls (not shown) included
direct staining with the fluorescein conjugate
alone or substitution of antibody with
preimmune rabbit serum and were entirely
negative. In both sections cells are encased in
ECM and only the cells in A stain positively for
insulin receptor. SIMC were grown for two
days in chamber slides without (C) or with
supplemental insulin (1 gM) (D). Fine granular
cell surface staining for insulin receptor is
detected on SIMC (C) and becomes
undetectable after the addition of insulin to the
culture medium (D). (Original magnification
400X.)
in Figure 1 (C, D). SPMC, those grown in supplemental insulin,
form large, dense aggregations of cells typical of hillocks 26].
Hillocks are large nodular collections of cells and matrix. The
center of the hillock is composed of ECM and dead cells and cell
debris. Surrounding the central zone are cells with a secretory
phenotype and on the very surface are elongated proliferating
cells [26]. In contrast, SIMC, those grown in the absence of
supplemental insulin, form smaller more numerous nests of cells.
Nests of cells are multilayered collections of cells and matrix. All
these cells have a similar phenotype and each is surrounded by a
thin layer of ECM. Large nodular collections of ECM do not
occur. Even after maintenance of SIMC in the same culture
flask for six months, these cells never developed hillocks suggest-
ing that hillock formation is not simply a function of cell density.
Composition of ECM
The composition of ECM for MC grown with and without
supplemental insulin is shown in Figure 2. SIMC grow in
multilayered nests of cells among cellular monolayers. In both
cases individual cells are surrounded by a very thin layer of ECM.
This matrix stains brightly with antibodies to collagen IV (Fig.
2E). Small amounts of collagen I are detected in similar locations.
Staining for collagen III is negative. In areas where cells are
sparsely populating the plate and cellular detail can be discerned
(not shown), intracellular, granular staining for collagen IV is
evidence of continuing collagen IV synthesis. The amount and
composition of the ECM that surrounds MC grown with supple-
mental insulin (SIMC) is strikingly different. Large pockets of
ECM accumulate adjacent to cells in areas of monolayers and in
hillocks. In MC cultures supplemented with insulin, the ECM
stains brightly for collagens I and III. Only scanty amounts of
collagen IV are detected between cells and in the hillocks. In
areas where nodular ECM is not so dense, cellular staining
patterns can be observed. Granular cytoplasmic staining for
collagens I and III are detectable in SIMC. Minimal intracellular
staining for collagen IV is evident. In both types of MC cultures,
Concentration, M
Fig. 5. Proliferation of SLMC: Dose response curve to insulin and IGF-I.
Triplicate cultures of SIMC were initially rendered quiescent in medium
containing 2% FCS and stimulated with increasing concentrations of
insulin (open circles) or IGF-I (open triangles). Cell numbers at the end
of 48 hours are plotted as the mean 1 SD versus concentration of insulin
or IGF-I. At each concentration tested, insulin was more potent than
IGF.I (P < 0.05, ANOVA). The proliferative response to 20% FCS is
shown for comparison (closed circle).
the staining patterns are homogeneous throughout the plate
indicating that all cells in the culture express the representative
phenotype.
Electron microscopy
Electron micrographs of SIMC and SIMC are shown in
Figure 3. SIMC cultured without supplemental insulin grow in
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show distinct cellular staining with the anti-insulin receptor anti-
body in contrast to SPMC where no detectable staining is
observed. Micrographs of SLMC grown in slide flasks demon-
strate fine granular cell surface staining for insulin receptor
(Fig. 4C). In contrast, SIMC to which insulin (1 pM) was added
for two days have no detectable staining for insulin receptor (Fig.
4D). These data indicate that MC grown in 20% FCS without
supplemental insulin express insulin receptors which can be
down-regulated by the subsequent addition of insulin. It is pre-
sumed that the same explanation accounts for the absence of
detectable insulin receptors on SPMC that have been chronically
maintained in supplemental insulin.
Cellular proliferation
I— 1+
Fig. 6. Radioautogram of immunoprecipitates. Culture medium from
SIMC after 16 hours of incubation with 3H-proline was immunoprecipi-
tated with antibody to collagen I. Precipitated proteins were subjected to
SDS-PAGE (7%) under reducing conditions followed by radioautography.
Lane 1 without supplemental insulin (—), lane 2 with supplemental insulin
(+). Location of molecular weight markers (kD) are shown on the left,
and location of pro-collagen I chains ol and a2 are shown on the right.
monolayers and then pile up on top of each other in nests.
Virtually all cells within the nest are monomorphous and are rich
in endoplasmic reticulum with dilated cisternae as evidence of
active protein synthesis (Fig. 3A). Each cell is surrounded by a
thin layer of ECM (Fig. 3C). The ECM has a loosely assembled
meshwork that is characteristic of basement membranes (Fig. 3E)
[27]. No interstitial collagenous fibrils are observed. In contrast,
SIMC grown in supplemental insulin display a distinctly different
phenotype (Fig. 3). They grow in hillocks identical to those
previously described [26]. Dense nodules of ECM contain few live
cells in their centers (Fig. 3B). Dead cells and cell debris are
entrapped within the center of the ECM nodule. Closer to the
periphery of the hillock cellular filopodia extend into collections
of ECM (Fig. 3D). More elongated cells are present on the
surface of nodules. Interstitial collagen fibrils are abundant (Fig.
3F) within the nodular collections of ECM that are adjacent to
cells. Loosely assembled ECM resembling basement membrane
similar to the ECM secreted by SIMC is not observed. The
presence of interstitial fibrillar collagen in ECM secreted by
SIMC is consistent with immunostaining for collagens I and III
(see above).
Insulin receptor expression
SLMC stained positively for insulin receptors as determined by
indirect immunofluorescence (Fig. 4). Cryostat sections of SFMC
Initial rates of proliferation are more rapid in MC grown
continuously in the presence of supplemental insulin as compared
to SIMC. Two days after plating 4 X iO cells where supplemen-
tal insulin is not added to either culture, SIMC cultures contain
4.9 0.2 X io cells and SIMC contain 6.6 0.3 x iO cells
(mean 1 SD, N = 3, P < 0.05, ANOVA). A marked difference
in the sensitivity of SIMC to insulin was shown in studies where
both sets of MC cultures were grown with or without supplemen-
tal insulin. When insulin (1 jLM) is added to the medium of both
cultures, SIMC increase cell numbers to 10.9 0.3 X 10,
whereas SIMC only increase to 7.2 0.2 x io cells (N = 3,P <
0.05, ANOVA). In a separate set of experiments, SIMC were
incubated with increasing concentrations of insulin or IGF-I and
cell numbers quantified as shown in Figure 5. At each concentra-
tion studied, insulin induced significantly greater increases in
cellular proliferation than did IGF-I (P < 0.001, ANOVA).
Collagen synthesis
Total collagen synthesis as determined by incorporation of
3H-proline into collagenase sensitive counts indicated that the
rates of total collagen synthesis were significantly different. A
total of 8.2% of synthesized protein from SIMC was collagen as
compared to 20.6% for SIMC (N = 3 per condition, P < 0.05,
ANOVA). Collagen I synthesis was measured directly by imuno-
precipitation of biosynthetically labeled proteins. Autoradiograms
of immunoprecipitated collagen I from culture medium harvested
from cells plated at equal density are shown in Figure 6. Two
bands corresponding to pro-al collagen I and pro-cs2 collagen I
occur in the expected ratio of 2:1, respectively, as reported for
normal collagen I [18]. Scanning densitometry of the bands
indicates that SIMC synthesize 2.6-fold more collagen I per 16
hours than do SIMC. ELISA assay of MC culture medium for
collagen III showed that SIMC (53.1 4.1 ng/107 MC) had
approximately twice as much collagen III detected in culture
supernatants as compared to SIMC (24.1 1.6 ng/107 MC; N =
5, ANOVA, P < 0.001). In contrast, culture medium from SLMC
(117.6 4.9 ng/10 MC) had approximately six times as much
collagen IV detected as compared to SPMC (18.8 2.5 ng/107
MC; N = 3, ANOVA, P < 0.01).
Short-term exposure to insulin or IGF-I
Both insulin and IGF-I appeared to induce an increase in the
rate of cellular proliferation of SIMC as the plates reached
confluence two to three days earlier than did untreated SIMC.
However, in all conditions SIMC grew to confluence and became
multilayered as described above. When SIMC were exposed to
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insulin (1 SM), they changed their phenotype to that described for
SPMC cultures that contained supplemental insulin from the
time of initial explant. In some flasks hillocks were apparent
within seven days of plating, but all SFMC that had supplemental
insulin added developed a change in culture morphology by 21
days. The appearance was identical to that shown in Figure 1 for
SPMC. SFMC to which IGF-I (0.1 LM) was added proliferated
some what more quickly, reaching confluence a day or two earlier
than SFMC cultures. In contrast to insulin supplemented cul-
tures, SFMC treated with IGF-I became bipolar, grew in swirls
and even when multilayered did not develop well-defined, circum-
scribed hillocks. Hillocks did not form in IGF-I supplemented
cultures, even after six weeks of exposure. Exposure of SFMC for
21 days to insulin was associated with a change in ECM compo-
sition with diminished staining for type IV collagen, as well as new
expression of collagens I and III. These changes are identical to
those described above for SPMC propagated in insulin from the
time of explant and are shown in Figure 7. Despite the change in
general culture morphology of SFMC treated with IGF-I, no
changes in immunofluorescence staining for collagens I, III and
IV were observed (Fig. 7). Electron microscopy of SFMC after
21 days of exposure to insulin showed interstitial collagenous
fibrils and characteristics of hillocks identical to those shown in
Figure 3. In contrast, cultures supplemented with IGF-I were
similar to untreated SF MC.
Discussion
Earlier studies from our laboratory showed that insulin admin-
istration in vivo is associated with new mesangial expression of
collagen III. We hypothesized that insulin induces the expression
of collagen III and suppresses the expression of collagen IV by
MC [1]. We attempted to develop a cell culture model using MC
to directly test this hypothesis and to gain further insights into the
pathogenic mechanisms of diabetic glomerulosclerosis. MC are
routinely propagated in 1 M insulin [5, 12]. In this environment,
the accumulated matrix is rich in interstitial collagen [8], and in
that respect is more similar to mesangial matrix in insulin-treated
animals than it is to normal mesangial matrix [1]. We reasoned
that withdrawal of insulin from MC cultures should be associated
with changes in the types of collagens accumulated in the ECM
and expected that the ECM would become enriched in collagen
IV, as is mesangial matrix in vivo. Despite withdrawal of insulin
from standard MC in culture, we were unable to induce MC to
express predominantly collagen IV. The present study reports our
ability to culture MC that accumulate an ECM rich in collagen IV
by continuous propagation from the time of explant in medium
containing only 0.01 n insulin that is contributed by the FCS.
We were able to accomplish this objective through the addition
of glomerular-conditioned medium at the time of the original
explant. We isolated and cloned MC from a single rat in the
presence (SIMC) and absence (SF MC) of supplemental insulin.
These cells expressed the same immunologic, morphologic and
functional markers characteristic of MC, yet, their rates of
proliferation, growth patterns and the composition of ECM they
secrete are distinctly different from each other. In early culture,
both SIMC and SFMC display a strap-like morphology, grow to
confluence and ultimately form multilayered aggregates of cells
and ECM. SFMC are monomorphous cells, each surrounded by
a thin layer of ECM with ultrastructural features of cells and
matrix similar to that observed in normal mesangium. The pre-
dominant ECM collagen detected by immunostaining is type IV
which is consistent with the electron microscopic appearance of
the ECM that is similar to purified type IV collagen assembled in
vitro [27, 28]. In contrast, SIMC grow in much larger aggregates,
composed of live cells, dead cells, and cell debris, surrounded by
thick layers of ECM. This ECM immunostains with antibodies to
collagens I and III which is consistent with the electron micro-
scopic appearance of banded interstitial collagen fibrils. These
nodular collections of cells and ECM have been characterized
previously and are termed "hillocks" [26]. The development of
interstitial collagenous fibrils within the mesangium has also been
observed in diabetic nephropathy [1, 29] and other forms of
mesangial sclerosis [30, 31]. Experiments showing that total
collagen synthesis is almost three times greater in SIMC than
SFMC suggest that the greater accumulation of collagen in these
cultures is at least in part due to increased synthesis. Increased
synthesis of collagen I by SIMC was directly demonstrated by
immunoprecipitation of biosynthetically labeled proteins. Culture
medium from SIMC contained twice as much collagen III as
SF MC. In contrast, medium from SFMC contained six times as
much collagen IV as compared to SIMC. Thus, MC that are
grown chronically in the presence of supplemental insulin differ
markedly in structure, composition and amount of ECM they
secrete as compared to those propagated without supplemental
insulin. As these changes directionally correlate with changes in
synthesis of individual collagens, insulin-mediated regulation of
collagen synthesis is in part responsible for these observations.
Both sets of MC cultures expressed immunologic markers
characteristic of MC. Nevertheless we were concerned that some
of the differences between the cultures might be due to the
presence of a small number of undefined contaminating cells in
either or both cultures. Thus, cells were cloned and compared to
their respective parent cultures. Their morphology, growth pat-
tern, proliferative capacity, and ECM staining patterns were
identical to the parent cultures and different from each other as
described. Furthermore, we have since used this culture method
to obtain additional MC cultures propagated without supplemen-
tal insulin; characteristics of these cells are the same as those
reported herein. Although the only difference between SFMC
and SIMC cultures was the insulin supplementation, it was
possible that another, undefined factor was responsible for the
observed changes. In order to resolve this concern, insulin was
added acutely to SFMC. This treatment induced a rapid change
in proliferation rate, cell morphology and ECM composition
identical to that described for standard MC (SIMC). Further-
more, the specificity of the effect of insulin was confirmed as
IGF-I did not induce similar changes. Since IGF-I also stimulates
cellular proliferation [15, 32, 33], the change in ECM composition
is not due simply to differences in cellular proliferation rate or
ultimate cell density.
Previous studies demonstrated that MC propagated in 1 jtM
insulin express IGF-I receptors [15], but insulin receptors were
either undetectable [32, 33] or present at very low levels even after
long-term withdrawal of insulin from the culture medium [15].
Thus, initially the mechanism of insulin action, when present at
high concentration, was presumed to be due to insulin binding to
the MC IGF-I receptor. If this were the case, IGF-I should have
induced changes similar to insulin; however, this did not occur. As
insulin is known to down-regulate expression of its own receptor
[34], studies were undertaken to assess insulin receptor expression
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Fig. 7. Immunofluorescence micrographs of ctyostat sections of SLMC following 21 days of supplemental insulin (A, C, E) or IGF-I (B, D, F). Sections were
stained with antibodies to collagen I (A, B), collagen III (C, D) or collagen IV (E, F) (Original magnification 250X).
Iv
IGF-1
Abrass et al: Insulin and mesangial cell collagen 35
Fig. 7. Continued.
Insulin
on S1MC. Anti-insulin receptor antibody stained SIMC, but
not SIMC; results are consistent with previous studies which
failed to show insulin receptor expression on SIMC. Staining
became undetectable on SIMC after just two days of exposure to
insulin. Cellular proliferation studies also demonstrated that
SIMC had an exaggerated proliferative response to insulin as
compared to SIMC. SIMC had a dose-dependent increase in
proliferation rate to insulin at doses from 1 nM to 1 M. When
compared to IGF-I, insulin was a more potent mitogen at each
dose studied. The presence of a proliferative response to insulin at
low concentrations of insulin further supports a physiologic role
for insulin action on MC.
Insulin-resistant type II and all insulin-treated diabetic patients
that are destined to develop nephropathy do so after many years
of episodic hyperglycemia, hyperinsulinemia, and alterations in
other hormones and growth factors. Elevated glucose levels play
an important role in ECM accumulation in diabetic nephropathy.
In vitro hyperglycemia increases accumulation of collagen IV,
fibronectin, and laminin [35]. These results are consistent with our
in vivo studies in untreated streptozotocin-induced diabetic rats in
which mesangial matrix expansion was due to accumulation of
collagen IV, fibronectin and laminin [1]. Hyperglycemia also leads
to non-enzymatic glycation of many proteins. Advanced glycosy-
lation end products associated with the ECM appear to decrease
collagen synthesis and sulfate incorporation into proteoglycans
without changing collagen type I or collagen type IV mRNA levels
or the total amount of proteoglycan synthesized [36]. Hypergly-
cemia increases synthesis of all matrix proteins being expressed by
MC by general metabolic effects [37], but glucose does not induce
a change in the type of ECM proteins that are produced. MC
subjected to cyclic stretching in vitro, as might be seen with
hyperfiltration in diabetic nephropathy in vivo, increases MC
proliferation rate and increases synthesis of proteoglycans, total
collagen, collagens type I and IV, laminin and fibronectin [38].
Angiotensin II increases collagen I synthesis by MC, but has no
effect on collagen IV [39]. The present study demonstrating a
significant contribution of insulin to the MC phenotype and
amount and composition of ECM synthesized adds yet another
factor in the diabetic milieu that may contribute to mesangial
matrix accumulation in diabetes. The relative importance of all
contributors to diabetic nephropathy remains a subject for con-
tinued research.
The characteristics of MC that are isolated and propagated in
culture medium containing supplemental insulin have been well
described previously [5, 9, 15], yet, it is widely recognized that
their phenotype and the composition of ECM they secrete are
unlike normal mesangium in vivo. To our knowledge only two
other reports have described other modifications in culture con-
ditions that have been associated with MC synthesis and accumu-
lation of a collagen IV-rich ECM. He et al [40] reported a
decrease in mRNA for collagen I and an increase in mRNA for
collagen IV when mouse MC were plated on methylcellulose.
Turck et al [41] have created a MC phenotype and ECM
composition similar to that described for SIMC by selecting a
36 Abrass et al: Insulin and mesangial cell collagen
clone of cells that fail to synthesize type IV collagenase following
transfection with an anti-sense construct. No information is
currently available regarding the effect of insulin on the 72 kD
mesangial metalloproteinase. Additional studies are needed in
each of these systems to understand the mechanisms responsible
for cell-matrix interactions that determine cell shape, and tran-
scriptional and translational regulation of ECM synthesis by MC.
Although standard MC propagated in supplemental insulin have
provided an excellent model of cytokine synthesis and response
and have provided important insights into MC biology, their use
for studies of ECM synthesis have had some limitations. The
present study offers a simple modification of culture techniques
which produce a MC phenotype and ECM composition similar to
normal mesangium in vivo. Furthermore, this study confirms the
role of insulin in the establishment of an ECM rich in interstitial
collagens and an altered MC phenotype.
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